Objectives: The purpose of this retrospective study was to evaluate the long-term changes in the thickness of Schneiderian membranes after zygomatic implant placement using cone beam computed tomography (CBCT).
| INTRODUC TI ON
In recent years, dental implantation has been become a popular treatment option for oral restoration, with reliable long-term outcomes (Altuna et al., 2016; Balshi, Wolfinger, Stein, & Balshi, 2015; Bortolini, Natali, Franchi, Coggiola, & Consolo, 2011; Lang et al., 2004) . However, rehabilitation of an extremely atrophic edentulous maxilla with implant-supported prosthesis still presents a great challenge in clinical practice. Zygomatic implants have been proved effective in the management of extremely atrophic Accepted: 5 April 2018 DOI: 10.1111 
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Long-term Schneiderian membrane thickness changes following zygomatic implant placement: A retrospective radiographic analysis using cone beam computed tomography Kai Zhao 1 edentulous maxillae, with high implant survival rates reported in some clinical studies Aparicio, Manresa, Francisco, Ouazzani, et al., 2014; Balshi, Wolfinger, & Balshi, 2009; Davó, Malevez, & Rojas, 2007; Duarte, Filho, Francischone, Peredo, & Branemark, 2007) . Compared with traditional bone graft techniques, the benefits of zygomatic implantation include the lack of a need for bone grafting, a shorter treatment period, and the possibility for immediate loading, as well as other factors Hung et al., 2017; Wang et al., 2017) .
However, the placement of zygomatic implants is an invasive procedure. In most situations, an extensive mucoperiosteal flap should be dissected, and zygomatic implants should be placed transversely through the maxillary sinus and then fixed in an ideal position in the zygoma. Although an endoscopic study found no increased risk of inflammatory reactions and normal sinus function following the placement of a titanium zygomatic implant through the maxillary sinus (Petruson, 2004) , maxillary sinusitis after zygomatic implant insertion has been reported frequently, with rates varying from 0% to 37.5% based on currently published data Aparicio, Manresa, Francisco, Ouazzani, et al., 2014; Balshi et al., 2009; Chow, Wat, Hui, Lee, & Li, 2010; Davó et al., 2007; Duarte et al., 2007) .
Given that healthy sinus conditions rely on the physiological activity of the single layer of pseudostratified ciliated epithelium inside the sinus cavity, any factors compromising mucociliary activity and the clearance of the mucosa might increase the risk of pathologic changes (van den Bergh, Bruggenkate, Disch, & Tuinzing, 2000 , Pikos, 2008 . Direct trauma from drilling during implant hole preparation, oroantral communication caused by the lack of contact between the implant and the residual alveolar bone, and the transverse mobility of zygomatic implants are all risk factors for ciliary epithelial injury (Aparicio, Ouazzani, & Hatano, 2008) . Therefore, it cannot be ignored that the placement of zygomatic implants carries potential risks that could compromise mucociliary function and result in pathologic changes to the Schneiderian membrane.
Sinus inflammation could impair the mucociliary activity of the sinus membrane and modify membrane morphology, and a Schneiderian membrane thickness (SMT) of 2 mm or above is considered a pathological mucosal change according to a previous study (Cagici, Yilmazer, Hurcan, Ozer, & Ozer, 2009 ). However, to our knowledge, no studies evaluating changes in SMT after zygomatic implant placement have been reported to date. Therefore, the purpose of this study was to conduct a retrospective radiographic analysis of chronic changes in sinus membrane thickness following zygomatic implant placement using cone beam computed tomography (CBCT).
| MATERIAL AND ME THODS
From June 2014 to July 2016, 25 patients (13 females and 12 males, mean age of 47.1 ± 17.1 years) with extremely atrophic edentulous maxillae were included in this study. This study was performed according to the STROBE statement. The inclusion criteria of patients were as follows: (i) aged ≥18 years old; (ii) patients with edentulous maxilla seeking implant-supported restoration; (iii) obvious sinus pneumatization and severe alveolar bone atrophy of the posterior maxilla (residual bone height less than 3 mm); (iv) good general and local conditions suggesting that the patient could endure zygomatic implant placement surgery; and (v) good compliance and maintenance of oral hygiene.
The exclusion criteria included the following: (i) acute maxillary sinus infection or untreated sinus cyst; (ii) sufficient bone in maxilla for conventional implant or tilted implant placement; (iii) maxillary defects; (iv) severe systemic disease, including uncontrolled diabetes, severe heart diseases, severe autoimmune disease, and bone 
| Implant placement
In total, 108 titanium implants (Nobel Biocare AB, Göteborg, Sweden) were placed in 25 patients, including 84 zygomatic implants and 30 regular implants. All the implants were placed under general anesthesia. The zygomatic anatomy-guided approach (ZAGA), which was proposed by Aparicio, Manresa, Francisco, Claros2014, and , was followed during implant placement surgeries.
After adequate general anesthesia, a long, midcrestal incision and additional vertical releasing incisions were made. A full-thickness mucoperiosteal flap was then dissected to exposed the alveolar crest and lateral wall of the maxillary sinus. For most patients in this study, an initial window or slot was opened on the lateral side of the maxilla along the desired pathway for zygomatic implantation, and the sinus membrane was carefully elevated from the sinus wall.
The entry point was identified according to preoperative planning.
Entry of posterior zygomatic implants was usually located in the region between the second premolar and the first molar. Entry of anterior zygomatic implants was usually located in the region between the lateral incisor and canine. Series drills were used to prepare the implant holes, and a depth gauge was used to detect the depth and direction of the hole. Zygomatic implants of appropriate length were placed manually. Regular implants were placed following the manufacturer's instructions in the anterior area if necessary. For some regular implants with insufficient bone around the implant, additional alloplastic bone substitute (Bio-Oss, Geistlich, Wolhusen, Switzerland) was added to fill the gap. After completing the implant placement and bone graft procedure, the soft tissue was repositioned, and the wounds were closed strictly with 4-0 sutures.
Postoperative oral antibiotics, nasal-drop medication, and 0.12% chlorhexidine oral rinse were prescribed for every patient for one week. Sutures were removed 7-14 days after surgery.
| Imaging procedure and evaluation
Preoperative CBCT was undertaken within 1 week before the surgery, and postoperative CBCT was conducted 1-3 years after zygo- First, the CBCT images were reoriented to ensure that the nasal septum and midline were in the center position in axial slices, the palatal bone was in a horizontal position parallel to the ground in the coronal slices, and the posterior maxillary alveolar crest was in a vertical position in the sagittal slices (Janner et al., 2011) . Then, nine separate sites in three coronal slices were selected for standard measurements of SMT before and after zygomatic implant placement. A detailed selection procedure was performed as follows. First the most anterior point of the maxillary sinus was identified in the sagittal slice, and a vertical line tangent to the sinus was then drawn through the point. A horizontal line perpendicular to the vertical line was then drawn through the point, and the intersection of these two lines was the most anterior point of the sinus (Figure 1a ). After that, the intrasinus section of the horizontal line was quartered, and three coronal slices (anterior, middle and posterior) were selected separately at quarter, half, and three-quarter distances from the most anterior point of sinus. The following three landmarks were selected for SMT measurements in each selected coronal slice: the ipsilateral nasal floor, deepest site of the maxillary sinus floor and the onset of the zygomatic process (Figure 1b-d) . In some cases, if the maxillary sinus floor was located more cranially than the ipsilateral nasal floor or the onset of the zygomatic process, the onset of the ipsilateral inferior nasal concha was chosen as an alternative measurement landmark (Janner et al., 2011) . A schematic overview of the nine measurement points in the maxillary sinus is shown in Figure 2 .
All the measurements were conducted perpendicular to the basal bone, starting tightly to the basal bone surface and ending at the mucosal surface. Measurement and evaluation of sinuses were performed by two experienced examiners separately after training on making measurements with ImageJ. Before the final measurements were performed, the inter-observer reliability was assessed to ensure the accuracy of the measurement results. Ten cases were selected randomly for SMT measurement by two examiners separately. The mean measurement differences and the inter-observer correlation coefficient were calculated. After confirming inter-observer reliability, the final measurements were performed. Each case was separately measured by the two observers. And the outcomes were then compiled and carefully compared, and the average was calculated for further analysis. If the differences between the two examiners were greater than 0.2 mm, a third examiner was consulted to reach a consensus, and additional measurements were performed if necessary. The few points where the Schneiderian membrane was obscured by a shadow from the implant were not measured or included in the statistical analysis.
Ostium patency was also carefully evaluated in CBCT images from three sections (coronal, sagittal, and axial) after reconstruction in NobelClinician software and was classified as "patent" or "obstructed" (Carmeli, Artzi, Kozlovsky, Segev, & Landsberg, 2011) .
| Statistical analysis
For descriptive statistics, the median, inter-quartile range (IQR), maximum, minimum, mean, and standard deviation (SD) were calculated for the continuous data (SMT), and proportions were used for counting data (distribution of SMT). Shapiro-Wilk test and Levene's test were used to test the normality and the homogeneity of variance of the variables. For the non-normal distribution of the continuous data (SMT), median and inter-quartile range (IQR) were used to describe the SMT. Sinus was chosen as an analysis unit in this study. However, each patient has two sinuses, indicating that the sinus unit was not independent unit. Therefore, considered multilevel structures (patient level and sinus level) of present data, a parametric mixed model was used for statistical analysis of quantitative-dependant variables (SMT) and categorical-dependant data (SMT distribution and ostium obstruction rate) in this study.
Using the SMT as the primary statistics, a minimal sample size of 20 patients was required to acquire 80% power to detect a difference of 1.0 mm between the null hypothesis and the alternative hypothesis with a standard deviation of 1.5 mm and a two-tailed 
| RE SULTS
A total of 25 patients with bilateral maxillary zygomatic implants were included to evaluate changes in the SMT. The present sample included 13 females and 12 males and was characterized by a large majority of systemically healthy individuals. Only six patients were reported to be compromised by systemic health conditions: four with high blood pressure, one with diabetes mellitus, and one with coronary heart disease. The detailed clinical characteristics of those patients are shown in Table 1 .
A total of 84 zygomatic implants, with a mean length of 48.75 ± 4.24 mm (range: 40-52.5 mm), and 30 regular implants were placed in the included patients (Table 2 ). All zygomatic implants were stable, with favorable conditions, except for two implants in one side of a patient, which were removed 2 months after insertion due to failed osseointegration. Therefore, the cumulative survival of zygomatic implants was 98.0%. The maxillary sinus from which zygomatic implants were removed was not included in the analysis of SMT changes; therefore, the number of included maxillary sinus measurements was 49. The median time between implant placement and the postoperative CT scans was 23.00 months (IQR: 14 months).
F I G U R E 2 Schematic overview of the nine measurement points in the evaluated maxillary sinuses (axial slice)
TA B L E 1 Characteristics of the patient included (n = 25) 
| Schneiderian membrane thickness
For inter-observer reliability assessment, the mean difference in SMT between the two observers was 0.12 mm (range 0.01-0.25 mm), and the inter-observer correlation coefficient was 0. 
| Ostium patency
One maxillary sinus (2.0%) in a female patient was observed with ostium obstruction before zygomatic implant placement. No ostium TA B L E 3 SMT before and after implant placement obstruction was detected in any other sinus. After zygomatic implant placement, ostium obstruction was observed in six maxillary sinuses (12.2%). However, the difference was not statistically significant (p > .05). Among the six maxillary sinuses observed with ostium obstruction, five presented a SMT value of more than 5 mm (5/6 = 83.3%). Ostium obstruction of the right maxillary sinus of one patient after zygomatic implant placement is shown in Figure 3 .
TA B L E 2 Lengths of zygomatic implants

| D ISCUSS I ON
Zygomatic implantation has been proposed as an effective method for the treatment of patients with an extremely atrophic maxilla. A number of published studies evaluating the clinical results of zygomatic implant-supported restoration have reported high cumulative implant survival rates and favorable prosthetic conditions Aparicio, Manresa, Francisco, Ouazzani, et al., 2014; Balshi et al., 2009; Davó et al., 2007; Duarte et al., 2007) . However, few studies have focused on the influence of zygomatic implant insertion on changes in maxillary sinus function. Therefore, little is known about the interaction between the exposed implant surface and the intrasinus tissue and the influence of zygomatic implant placement on the Schneiderian membrane, which is critical for maintaining the physiological condition of the maxillary sinus.
In the present study, a radiographic analysis using CBCT was performed to investigate long-term changes in SMT following zygomatic implant placement. The measurement results showed that after zygomatic implant placement, SMT increased from 1.03 to 1.33 mm, with a median follow-up period of 23.00 months after implant placement, and this difference was statistically significant. This finding might be not in line with the previous finding, which suggest that zygomatic implants show excellent coexistence with the mucosa, with no increased risk of inflammatory reactions in the sinus (Petruson, 2004) . Some previous studies also reported increasing pathological alternations of the maxillary sinus after zygomatic im- as well as other factors (Aparicio et al., 2008; Becktor et al., 2005; Chow et al., 2010) . Higher preoperative and postoperative SMT values were observed for basal regions compared with those for medial and lateral regions. Similar findings were reported in previous study (Janner et al., 2011) . One potential interpretation of this phenomenon is the influence of gravity factors, which may the accumulation of mucous secretions in the basal region of the maxillary sinus.
It must be stated that the present study primarily provides insight into chronic changes in sinus mucosa after zygomatic implant insertion. It has been reported that significantly transient mucosa swelling can occur immediately after sinus floor augmentation, especially in the first week after surgery (Guo et al., 2016; Makary, Rebaudi, Menhall, & Naaman, 2016 TA B L E 4 Distribution of SMT before and after implant placement F I G U R E 3 Ostium obstruction of the right maxillary sinus of one patient after zygomatic implant placement analyzed in the present study due to lack of data. Further studies are needed to clarify this question. As chronic sinus mucosa thickening was observed in present study, intensive postoperative care
and close clinical and radiographic monitoring are recommended after zygomatic implant placement, and a referral to an otolaryngologist should not be delayed if necessary. However, notably, an increase in the SMT alone is not an indication of severe sinus pathology changing and is also not necessarily a pathological change in need of treatment.
In the present study, the ZAGA was followed to place zygomatic implants. All maxillary sinuses were penetrated by zygomatic implants. For most included patients, an initial window or slot was opened in the lateral maxillary wall, and the sinus membrane was elevated to help cool the drill bit and avoid trapping of soft tissue remnants between the implant and the zygoma. Some authors have suggested that attempts to protect the integrity of the sinus membrane might be favorable for sinus function and to decrease the risk of pathological changes in the sinus (Chow et al., 2010) . However, in the present study, even though a window was opened, and the sinus membrane was dissected from the sinus walls, perforation of the sinus membrane could not be completely avoided, and chronic sinus membrane thickening was still observed. Moreover, it remains difficult to say whether superior sinus conditions could be achieved with an intact membrane rather than with a perforated membrane owing to the lack of reliable evidence-based data. In the future, welldesigned randomized controlled trial (RCT) and prospective studies with strict epidemiological designs are needed to reach a more definitive conclusion.
The physiological condition of the maxillary sinus is highly dependent on adequate drainage from the maxillary cavity to the nasal cavity through the sinus ostium (Timmenga et al., 2003) .
Drainage and mucosal clearance of the sinus are compromised by ostium obstruction, which might result in pathologic changes in the maxillary sinus. Therefore, the patency of sinus ostium is crucial for keeping the sinus healthy. A significant association between mucosal thickness and ostium obstruction has been reported in several studies (Carmeli et al., 2011; Shanbhag, Karnik, Shirke, & Shanbhag, 2014) . The reported rate of ostium obstruction following zygomatic implant placement varies from 0% to 36.4% (Aparicio, Manresa, Francisco, Ouazzani, et al., 2014; Bothur, Kullendorff, & Olsson-Sandin, 2015; Chow et al., 2010; Davó, Malevez, López-Orellana, Pastor-Beviá, & Rojas, 2008) . However, ostium patency before surgery was not reported in those studies. Therefore, it is hard to determine whether ostium obstruction was caused by implant placement or exist previously. In the present study, before zygomatic implant placement, only one of 49 sinuses (2.0%) was observed with an obstructed ostium by CBCT.
However, after the insertion of zygomatic implants, chronic ostium obstruction was observed in six sinuses (12.2%). Moreover, it should be noted that among the six sinuses observed with ostium obstruction, five had a SMT value exceeding 5 mm. This finding indicates that an increased incidence of chronic ostium obstruction may result from zygomatic implant placement, and chronic thickening of the Schneiderian membrane may be associated with ostium obstruction.
One limitation of present study was its observational and monocentric design. Therefore, the external validity of the present study might be questionable. Another limitation was the use of CBCT for mucosal evaluations. Although CBCT has been widely used to evaluate the condition of alveolar bone and sinus membrane thickness in many studies, the limits of CBCT should also not be ignored. CBCT imaging does not allow differentiation between liquids and soft tissue, which could affected the accuracy of thickness measurements (Insua et al., 2017) . Moreover, measurement accuracy could also be influenced by spatial resolution, which is associated with sensor size, exposure parameters, and the motion of patients (Brullmann & Schulze, 2015) . In present study, the voxel size of the CBCT was 0.25 mm, indicating an inherent measurement error of ±0.25 mm in the results. Therefore, the preoperative and postoperative SMT values should also be interpreted with caution. Moreover, the volumetric dataset was reoriented during the measuring procedure, and the potential effects of volume averaging that may have influenced measurement accuracy should also be noted.
To our best knowledge, this is the first study that quantitatively evaluated changes in SMT following zygomatic implant placement.
Although an chronic increasing in SMT was observed in the present study, it is still difficult to establish an unequivocal cause-and-effect relationship between zygomatic implant placement and pathological changes in the sinus with the limited evidence presented here.
| CON CLUS ION
Within the limits of this study, it can be concluded that chronic increases in the thickness of the Schneiderian membrane may result from zygomatic implant placement. Further multicentric studies with a large sample size are needed to further investigate changes in the Schneiderian membrane following zygomatic implant placement. 
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